New insights into the molecular evolution of Metazoan Peroxiredoxins. by Bakiu, Rigers & Santovito, Gianfranco
305
ACTA ZOOLOGICA BULGARICA
Acta zool. bulg., 67 (2), 2015: 305-317
*Corresponding author
Invited Review
Introduction
An unusual antioxidant protein, now called perox-
iredoxin (Prx, EC 1.11.1.15), was initially identified 
on the basis of its capacity to protect proteins from 
oxidative damage caused by reactive oxygen species 
(ROS), catalysing the reduction of H2O2, to water 
and alcohol in the presence of dithiotreitol (DTT). 
Analysis of Prx purified from yeast revealed that 
it did not contain conventional redox centres such 
as metals, heme, flavin, or selenocysteine, being 
very different with respect to other known antioxi-
dant (Kim et al. 1988; Chae et al. 1994). Later, it 
has been found that (i) Prxs are present in all bio-
logical kingdoms, from bacteria to animals; (ii) two 
cysteine residues, corresponding to Cys47 and Cys170 
of yeast Prx, are highly conserved among Prx fam-
ily members; (iii) Prxs are homodimers arranged in 
a head-to-tail orientation; and (iv) Cys47–SH of Prx 
is specifically oxidised by H2O2 to cysteine sulfenic 
acid (Cys–SOH), which is resolved by reaction with 
Cys170–SH of the adjacent monomer. Theseis results 
in the formation of a disulfide link, Cys47–S-S–Cys170 
(Chae et al. 1994). The conserved Cys residue cor-
responding to Cys47 of yeast Prx was later referred 
to as the peroxidatic Cys (CP) to reflect its sensitiv-
ity to oxidation by peroxides, and the conserved Cys 
residue corresponding to Cys170 was designated the 
resolving Cys (CR) (Wood et al. 2003). 
On the basis of the presence or absence of the 
CR residue, Prxs are classified into typical 2-Cys, 
atypical 2-Cys, and 1-Cys Prx subfamilies (Rhee 
& Woo, 2011). Animal cells express six isoforms 
of Prxs: isoforms from 1 to 4 belong to the typical 
2-Cys Prx group; Prx5 belongs to the class of 2-Cys 
enzymes. Isoform 6 is the only one belonging to 
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1-Cys Prxs (Fisher, 2011). Prx1 is mainly localised 
in the cytosol, nucleus and peroxisomes, but it has 
been found also in serum (immensChuh et al. 2003). 
Prx2 is present in cytosol and nucleus and it has been 
shown to bond the cell membrane (Cha et al. 2000). 
Prx3 is located exclusively in the mitochondria (Cao 
et al. 2007). Prx4 has been found in both cytosol and 
endoplasmic reticulum and contains a leader peptide 
that is believed to be essential for protein secretion 
(oKado-matsumoto et al. 2000). Prx5 is localised in 
cytosol, mitochondria and peroxisomes (Cao et al. 
2007). Prx6 is located in cytosol, vesicles and lyso-
somes (soRoKina et al. 2011). Prx localisation is mul-
tifarious, being dependent on the cell type but also on 
the environmental conditions (Rhee et al. 2012). 
Many studies suggest that Prxs are more than 
just simple antioxidant enzymes. For example Prx6 
also acts as phospholipase A2 (Chen et al. 2000). 
Other evidences suggest that Prx oxidation also al-
lows them to function as molecular chaperones (Jang 
et al. 2004) and regulates the cell cycle (Phalen et 
al. 2006). A very interesting proposed role is en-
compassed by the floodgate hypothesis (Wood et al. 
2003; Woo et al. 2010), in which active Prxs normal-
ly keep H2O2 low (i.e. a closed floodgate) but, under 
signalling conditions that causes loss of function via 
overoxidation in a localised region of the cell, allow-
ing H2O2 to build up locally (i.e, be released by an 
open floodgate) for signalling purposes (hall et al. 
2009, hansChmann et al. 2013).
The abundance of Prx is high: it can account 
for up to 1% of all soluble cellular proteins (Wood 
et al. 2003). Furthermore, typical 2-Cys Prxs are the 
largest and most widely distributed subfamily (soito 
et al. 2011). These Prxs are moonlighting proteins: 
at high H2O2 concentrations they act as holdases, 
whereas when the rate of ROS formation is low they 
are thioredoxin-dependent peroxidases (Jang et al. 
2004). The dual functions of typical 2-Cys Prxs, 
modulating ROS concentrations and preventing pro-
tein aggregation, may play pivotal roles in cellular 
response to pathogens and external stress (Jang et 
al. 2004). The importance of Prxs is unarguable, as 
transgenic/knockout mouse models overexpressing 
or deficient in most highly expressed Prxs has dem-
onstrated a decrease in genome stability and acceler-
ated aging, and an overexpression of these proteins 
is associated with various problems related to can-
cers treatment (hamilton et al. 2012). Recent stud-
ies show Prxs expressed in tumortumour cells play 
positive roles in their progression and/or metastasis 
in transplanted animals. Different functions of Prxs 
are required for their progression/metastasis in vivo 
depending on tumortumour types (ishii et al. 2012).
Metazoa is one of great eukaryote kingdoms. 
An increasingly well resolved Proterozoic fossil 
record documents the presence of most of the major 
taxa of eukaryotes, including the rhodophytes, stra-
menopiles, alveolates and green plants during the late 
Mesoproterozoic to early Neoproterozoic (about one 
billion years ago). A coincident rise in acritarch diver-
sity, combined with molecular phylogeny evidence 
for rapid cladogenesis, points to a major radiation of 
eukaryote groups at this time, sometimes referred to 
as the “big bang” of eukaryotic evolution (ConWay 
moRRis et al. 1987). The most fundamental division 
within the bilateral metazoans is the protostome-
deuterostome branch. Protostomes include at least 
annelids, arthropods, molluscs and platyhelminths. 
They have spiral cleavage and usually mosaic de-
velopment, are schizocelic, form the mouth at (or 
near) the site of the blastopore and mesoderm from 
a mesentoblast that is usually 4d. Deuterostomes in-
clude at least echinoderms and chordates, the latter 
group including the back-boned animals. They have 
radial cleavage and usually regulative development, 
are enterocelic, form the mouth away from the blas-
topore and mesoderm from endodermal cells along 
the archeneteron (Valentine et al. 1997). 
Approximately 2.5 billion years ago, photo-
synthetic bacteria acquired the capacity to photodis-
sociate water, leading to the geologically rapid ac-
cumulation of molecular oxygen during the Great 
Oxidation Event (GOE), when anaerobic life un-
derwent a catastrophic decline (edgaR et al. 2012). 
Organisms that survived the transition to an aerobic 
environment were those that respired and/or evolved 
oxygen. All oxygen-utiliszing organisms acquired 
constitutive antioxidant defensesdefences (both 
small molecules and enzymes), detoxifying and 
scavenging the ROS that are continuously produced 
as a by-product of aerobic metabolism (aCWoRth et 
al. 1997, halliWell & gutteRidge 1999). Among 
them, Prx has been object of an increasing inter-
est for its pivotal role in cell defensedefence and as 
conserved marker for circadian rhythms in metabo-
lism. edgaR and colleagues (2012) studied the cy-
cles of Prx oxidation-reduction in Eukarya, Bacteria 
and Archaea and proposed that all these organisms 
have cellular rhythms sharing a common molecular 
origin. In fact, it has been proposed that the ability 
to survive cycles of oxidative stress may have con-
tributed a selective advantage from the beginnings 
of aerobic life. Twenty-four hours cycles of Prx 
oxidation–reduction in all domains were observed 
in both Archaea, Bacteria and Eukaryota supporting 
the hypothesis that cellular rhythms share a common 
molecular origin (edgaR et al. 2012). However, only 
New Insights into the Molecular Evolution of Metazoan Peroxiredoxins
307
a few studies have been dedicated to the evolution of 
Prxs (CoPley et al. 2004; KnooPs et al. 2007; PéRez-
sánChez et al. 2011). Our study aims and we decided 
to extend the research on Prx evolution performing 
phylogenetic analysis on the most studied group of 
eucariotic organisms (Eukarya), the animals, using 
Bayesian approach. Fortunately, there is sufficient 
information about many characterised nucleotide 
and amino acid sequences of metazoan Prxs. Using 
bioinformatics tools we analysed the phylogenetic 
relationships among metazoan Prxs, with the aim 
to acquire new data on the molecular evolution of 
these proteins.
Material and Methods
Amino acid and mRNA coding sequences of 
different Prxs isoforms from protostomes were found 
in the NCBI database (Table 1). These were Japanese 
spineless cuttlefish Sepiella maindroni Rochebrune, 
1884, cockscomb pearl mussel Cristaria plicata 
Leach, 1815, Pacific abalone Haliotis discus discus 
Reeve, 1846, Sydney rock oyster Saccostrea glom-
erata (Gould, 1850), mud crab Scylla paramamosain 
Estampador, 1949, Chinese mitten crab Eriocheir sin-
ensis H. Milne-Edwards, 1853, lugworm Arenicola 
marina (Linnaeus, 1758) and southern house mos-
quito Culex quinquefasciatus Say, 1823. The follow-
ing deuterostomes were selected: rhesus macaque 
Macaca mulatta (Zimmermann, 1780), Sumatran 
orangutan Pongo abelii Lesson, 1827, human Homo 
sapiens Linnaeus, 1758, European cattle Bos tau-
rus Linnaeus, 1758, wild boar Sus scrofa Linnaeus, 
1758, brown rat Rattus norvegicus Linnaeus, 1758, 
house mouse Mus musculus Linnaeus, 1758, chicken 
Gallus gallus domesticus (Linnaeus, 1758), rock pi-
geon Columba livia Linnaeus, 1758, African clawed 
frog Xenopus laevis Daudin, 1802, western clawed 
frog Xenopus tropicalis (Gray, 1864), striped beakfish 
Oplegnathus fasciatus (Temminck & Schlegel, 1844), 
zebrafish Danio rerio (F. hamilton, 1822), gilthead 
seabream Sparus aurata Linnaeus, 1758,, channel 
catfish Ictalurus punctatus (Rafinesque, 1818), rain-
bow trout Oncorhynchus mykiss (Walbaum, 1792), 
Atlantic salmon Salmo salar Linnaeus, 1758, and 
southern bluefin tuna Thunnus maccoyii (Castelnau, 
1872). All respective sequences were aligned us-
ing T-Coffee multiple sequence alignment software 
package (notRedame et al. 2000).
jModelTest (Posada 2008) was used to carry out 
statistical selection of the best-fit models of nucle-
otide substitution to analyse Prx molecular evolution. 
Analyses were performed using 88 candidate models 
of nucleotide substitution and two types of informa-
tion criterion (Akaike Information Criterion-AIC 
and Corrected Akaike Information Criterion-cAIC). 
Models of nucleotide substitution allow for the cal-
culation of probabilities of change between nucle-
otides along the branches of a phylogenetic tree. The 
use of a particular substitution model may change 
the outcome of the phylogenetic analysis (lemmon 
and moRiaRty, 2004). Statistical model selection has 
become an essential step for the estimation of phyl-
ogenies from DNA sequence alignments. ProtTest3 
was used for the selection of the best-fit model of an-
alysed protein evolution (daRRiba et al. 2011). The 
program ProtTest is one of the most popular tools 
for selecting models of amino acid replacement, a 
routine step in phylogenetic analysis. One hundred 
twenty-two candidate models of amino acid replace-
ment and three types of criteria (Akaike Information 
Criterion-AIC, Corrected Akaike Information 
Criterion-cAIC and Bayesian Information Criterion-
BIC) were used in these statistical analyses. The Prx 
cDNA and amino acid sequences phylogenetic trees 
were built using the Bayesian inference (BI) method 
implemented in Mr. Bayes 3.2 (Ronquist et al. 2012). 
Four independent runs, each one with four simulta-
neous Markov Chain Monte Carlo (MCMC) chains, 
were performed for 1,000,000 generations sampled 
every 1000 generations. FigTree software (http://
tree.bio.ed.ac.uk/software/figtree) was used to dis-
play the annotated phylogenetic trees. In order to de-
tect the presence of positive or negative selection on 
Prx molecular evolution we used statistical methods 
implemented in HyPhy package (KosaKoVsKy Pond 
et al. 2005); SLAC, FEL and REL methods are able 
to detect the presence of possible positive selection 
and Mixed Effects Model of Evolution (MEME) 
program is able to detect even sites under episodic 
diversifying selection (muRRell et al. 2012).
Results and discussion
Metazoan Prxs mRNA sequences were aligned us-
ing T-Coffee software in combined libraries of local 
and multiple alignments, which are known to induce 
high accuracy and performance in sequence align-
ments. The obtained alignment was 1222 residues 
(nucleotides and gaps) long and the mean score val-
ue was 59, indicating that the alignment was reliable 
(notRedame et al. 2000). jModelTest 0.1.1 software 
determined that GTR+G model was the best-fit mod-
el of Prxs cDNA sequence evolution with a gamma 
shape value (four rate categories) of 0.72 using AIC 
and cAIC statistical criteria (-lnL= 16365.654). 
Phylogenetic relationships between all these differ-
ent Prxs were determined using the most powerful 
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statistical method of BI. We compute a majority rule 
tree for all the trees sampled during the MCMC. We 
decided to use BI, because this method is much faster 
than the Maximum Likelihood (ML) for big datasets 
(douady et al. 2003). The best phylogeny generated 
by the BI method is depicted in 1.
Amino acid sequences of Prxs were aligned 
and a 322 residue-long alignment was obtained. The 
obtained alignment was better than that previously 
achieved for nucleotide sequences, because its score 
(86) was significantly better. ProtTest3 was used for 
the evolution best-fit model determination. WAG+G 
resulted the best model, with a gamma shape value 
(four rate categories) of 1.0 using all statistical cri-
teria: AIC, cAIC and BIC (-lnL= -7241.91). In Fig. 
2 is shown the best phylogeny generated by the ap-
plication of BI method into the Prxs amino acid se-
quences. 
In both cladrograms, three main clusters were 
present: one including all typical Prx 2-Cys (isoforms 
1, 2, 3 and 4), Prx5 isoforms (atypical 2-Cys Prxs) 
and the third grouping Prx6 isoforms (1-Cys). This 
distribution confirmed the previously obtained re-
sults using non-Bayesians methods (PéRez-sánChez 
et al. 2011). In particular, the phylogenetic relation-
ships among the typical 2-Cys isoforms were com-
Table 1. Prx sequences used for Bayesian phylogeny, their NCBI accession numbers and the respective references
Species Isoform References Nucleotide accession number
Protein accession 
number
Arenicola marina Prx6 loumaye et al., 2008 DQ059567 AAY96294
Bos taurus Prx6 salmeRi et al., 2012 NM_174643 NP_777068
Columba livia Prx6 gao, 2012 JQ364950 AFD04441
Cristaria plicata Prx6 Pei et al., 2010 HQ199304 ADN06076
Culex quinquefasciatus Prx6 atKinson et al., 2007 XM_001861490 XP_001861525
Danio rerio Prx1 Cox et al., 2014 NM_001013471 NP_001013489
Danio rerio Prx2 liu et al., 2013 NM_001002468 NP_001002468
Danio rerio Prx3 lu et al., 2014 NM_001013460 NP_001013478
Danio rerio Prx4 muKaigasa et al., 2012 NM_001089425 NP_001082894
Danio rerio Prx5 lu et al., 2014 NM_001024406 NP_001019577
Danio rerio Prx6 muKaigasa et al., 2012 NM_200805 NP_957099
Eriocheir sinensis Prx6 mu et al., 2009 EU626070 ACF35639
Gallus gallus Prx6 CaldWell et al., 2005 NM_001039329 NP_001034418
Haliotis discus discus Prx6 niKaPitiya et al., 2006 EF103356 ABO26614
Homo sapiens Prx6 stRausbeRg et al., 2002 BC053550 AAH53550
Ictalurus punctatus Prx6 yeh and Klesius, 2007 DQ779284 ABG77029
Macaca mulattaPrx6 Predicted NM_001266085 NP_001253014
Mus musculus Prx6 PaCifiCi et al., 2014 NM_007453 NP_031479
Oncorhynchus mykiss Prx6 Predicted NM_001165132 NP_001158604
Oplegnathus fasciatus Prx6 de zoysa et al., 2012 GQ903768 ADJ21808
Pongo abelii Prx6 Predicted NM_001132889 NP_001126361
Rattus norvegicus Prx6 Paula et al., 2013 NM_053576 NP_446028
Saccostrea glomerata Prx6 gReen et al., 2009 FJ626708 ACQ73550
Salmo salar Prx1 loo et al., 2012 NM_001140823 NP_001134295
Salmo salar Prx5 andReassen and hoyheim, 2013 BT149950 AGH92554
Scylla paramamosain Prx6 fu et al., 2008 FJ429110 ACJ53746
Sepiella maindroni Prx6 song et al., 2010 HQ662844 AEI52300
Sparus aurata Prx1 PeRez-sanChez et al., 2011 GQ252679 ADI78064
Sparus aurata Prx2 PeRez-sanChez et al., 2011 GQ252680 ADI78065
Sparus aurata Prx3 PeRez-sanChez et al., 2011 GQ252681 ADI78066
Sparus aurata Prx4 PeRez-sanChez et al., 2011 GQ252682 ADI78067
Sparus aurata Prx5 PeRez-sanChez et al., 2011 GQ252683 ADI78068
Sparus aurata Prx6 PeRez-sanChez et al., 2011 GQ252684 ADI78069
Sus scrofa Prx6 liu et al., 2011 NM_214408 NP_999573
Thunnus maccoyii Prx2 sutton et al., 2010 EU093980 ABW88997
Xenopus (Silurana) tropicalis Prx6 Klein et al., 2002 NM_001011325 NP_001011325
Xenopus laevis Prx6 shafeR et al., 2011 NM_001089200 NP_001082669
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patible with the hypothesis exposed by CoPley and 
colleagues (2004) which suggested an evolutionary 
model based on the appearance of 3 groups of Prxs 
(1-2, 3 and 4) through the loss of N-terminal exten-
sion in Prx3s and the acquisition of C-terminal ex-
tension in Prx4s.
The deuterostomes Prxs were equally posi-
tioned and the respective branches were supported 
by the highest posterior probability values. The 
only exception was the Prx6 of X. tropicalis, which 
in both trees emerged far from the sequence of X. 
laevis. These results were peculiar. They might sug-
gest the appearance of Prx6 gene at different times, 
through independent duplication events of the ances-
tor, even after the speciation event that led to the dif-
ferentiation of Chordata phylum. Based on the cur-
rently available data, it was not possible to confirm 
that the hypothetical multiple appearance of Prx6 
could be a distinguishing feature of Amphibians or 
might indeed have happened also in other classes. 
Whatever the case, this duplication event could not 
be recent but should have occured at least 416-360 
million years ago, and might be typical of Prx6. 
In fact, among the various isoforms, only Prx6 are 
known to be represented by multiple sub-isoforms, 
such as in Drosophila melanogaster (DPX-6005 and 
DPX-2540, RadyuK et al. 2001) and Ciona intesti-
nalis (unpublished personal data). 
The distribution of invertebrate sequences was 
less consistent. All protostome Prx6 sequences were 
grouped except for the protein of C. quinquefascia-
tus that emerged as a single branch (Fig. 1). This 
position was the same in the phylogenetic analysis 
performed on amino acid sequences, but in this case 
it resulted to be the sister group of invertebrate Prxs 
(Fig. 2). Instead, the sequence of A. marina seems to 
be more related to vertebrate Prxs. Probably, the dis-
cordance emerged from the comparison of the two 
phylogenetic topologies may be linked to a possible 
differences in substitution rates, which are usually 
caused by positive and/or negative selection.
Evolutionary biologists typically have invoked 
two types of selective forces shaping the evolution 
of species. One is the purifying selection, which 
favours the conservation of existing phenotypes. 
The other is the positive selection (also known as 
Darwinian selection), which promotes the emer-
gence of new phenotypes. Positive selection can 
leave a set of telltale signatures in the genes, such 
as the rapid divergence of functional sites between 
species (diversifying selection) and the depression 
of polymorphism within species (KReitman et al. 
2000, yang & bielaWsKi 2000, bamshad & Wooding 
2003). The imprint of natural selection (positive se-
lection) on protein coding genes is often difficult to 
identify because selection is frequently transient or 
episodic, i.e. it affects only a subset of lineages. To 
verify the selection type in Prx evolution we used 
existing computational techniques (SLAC, FEL and 
REL) implemented in the HyPhy package. These 
techniques are designed to identify sites subject to 
pervasive selection (a large proportion of positively 
selected sites) but may fail to recognise sites where 
selection is episodic. For this reason we used MEME 
method that is able to identify instances of both epi-
sodic and pervasive positive selection at individual 
site level. The obtained results (Table S1) indicated 
that nearly 5% of the 308 codons were positively se-
lected and Table S2less than 1% of them were nega-
tively selected (Table S2). These results suggested 
that Prx genes were more susceptible to positive se-
lection than to negative one. 
It is known that if all existing gene sequences 
had not been screened for recombination, selection 
analyses of alignments with recombinants in them 
using a single tree could generate misleading re-
sults (KosaKoVsKy Pond et al. 2005). Thus, we used 
GARD program (KosaKoVsKy Pond et al. 2006) 
to identify possible breakpoints in the Prx gene 
sequences. One breakpoint has been found (-lnL 
= 31879), but Kishino Hasegawa (KH) tests indi-
cated it as statistically non-significant breakpoint in 
each level of significance. However, the calculated 
mean substitution value was 2.89 substitutions per 
site, revealing that there was a huge amount of di-
vergence among all the analysed sequences. In this 
case all the possible positive or negative selection 
tests could be non-reliable. In order to verify the re-
sults we carried out the selection tests for a subset of 
sequences that were not so divergent. We included 
in this data subset only the Prx sequences that were 
responsible for the emerged discordance between 
the two phylogenetic topologies. The Prx6 coding 
sequences of X. tropicalis, C. plicata, A. marina, 
S. paramamosain, E. sinensis, H. discus discus, 
S. maindroni and S. glomerata were aligned using 
T-Coffee software. We obtained a good score (92). 
The calculated mean substitutions value was 0.77 
substitutions per site, which meant that the diver-
gence among the subset sequences was low. Thus, 
we carried out the previously used selection tests 
(Tables S3 & S4). Additionally, for this data sub-
set GARD application found one breakpoint (-lnL 
= 8983.58), but Kishino Hasegawa (KH) tests as-
signed it as statistically non-significant breakpoint 
in each level of significance. No positive selection 
results were obtained by using the SLAC method 
(Table S3). 
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We compared the results presented in Table S4 
with the crystal structure of Prx1 from S. mansoni 
(SmPrx1, PDB code 3ztlD, solved by X-ray, reso-
lution 3.00Å) characterised by Saccoccia and col-
leagues (2012). In the active site of SmPrx1 low-
molecular-weight dimer, residues from 47 to 50, 
including the CP (Cys
48), form the first turn of the α2 
helix. The compact hydrophobic pocket is formed by 
Tyr40, Pro41, Ala42, Thr45 and Pro49 that, together with 
Arg124, surround the CP (Saccoccia et al. 2012). Pro49 
is highly conserved in typical 2-Cys Prxs (hofmann 
et al. 2002) and reduces the propensity of the first 
turn of the α2 helix to retain its secondary structure. 
Our results indicated that only codons 41, 48 and 49 
were negatively selected (Table S4), confirming that 
some (but not all) of the important for peroxidase ac-
tivity amino acids were conserved during the evolu-
tion of Prxs. While these data confirmed the sound-
ness of our results, on the other hand it brought out 
some questions on the absence of conservation for 
the other amino acids that were important for cata-
lytic activity. In this subset of sequences from inver-
tebrates, the number of negatively selected codons 
(about 12% of the 224 codons) was higher than the 
positively selected ones (approximately 5%, Tables 
S3 & S4).
All these results confirmed that the molecular 
evolution of metazoan Prx was peculiar and suggest-
ed that the positive selection may have operated into 
the evolution of these proteins and a purifying selec-
tion has been present during this process. Probably, 
the natural selection was responsible for the devia-
tion from the evolution pathway of Prx genes char-
acteristic of the protostome isoforms.
Further analyses are needed to verify if the 
positively selected codons, identified by bioinfor-
matic approach, really codify essential amino acids. 
A possible verification could be done by site-specific 
mutagenesis of those nucleotides that could structur-
ally and functionally affect the enzymatic activity of 
these proteins. 
Purifying selection is important for the evo-
lution of a gene family, because it can help the be-
longing genes to maintain their optimal function. 
Fig. 1. Phylogenetic relationships among metazoan Prxs using coding sequences and BI (Bayesian Inference) method 
(arithmetic mean = -29057.97; harmonic mean = -29083.98). Posterior probability values higher than 50% are indi-
cated on each node. The scale for branch length (2.0 substitution/site) is shown below the tree
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However, positive selection is an important source 
of evolutionary innovation and is a major force un-
derlying the adaptation of species to a new envi-
ronment (Kosiol et al. 2008). Many proteins have 
been found under positive selection, such as those 
involved in immunity (MHC, immunoglobulin VH, 
class 1 chitinas), proteins or pheromones involved 
in reproduction (abalone sperm lysin, sea urchin 
bindin, proteins in mammals) and proteins that ac-
quire new functions after gene duplication (Yang & 
bielaWsKi 2000). We suggest to include Prxs among 
those proteins, as their diversification allowed the 
cells of all organisms to acquire a powerful defence 
system against the risk of oxidative stress. 
Fig. 2. Phylogenetic relationships among metazoan Prxs using amino acid sequences and BI (Bayesian Inference) 
method (arithmetic mean = -12412.89; harmonic mean = -12437.68). Posterior probability values higher than 50% are 
indicated on each node. The scale for branch length (2.0 substitution/site) is shown below the tree
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